Gemmata obscuriglobus has a highly condensed nucleoid which is implicated in its resistance to radiation. However, the mechanisms by which such compaction is achieved, and the proteins responsible, are still unknown. Here we have examined the genome of G. obscuriglobus for the presence of proteins homologous to those that have been associated with nucleoid condensation. We found two different proteins homologous to the bacterial nucleoid-associated protein HU, one with an N-terminal and one with a C-terminal extension relative to the amino acid sequence of the HU found in Escherichia coli. Sequence analysis revealed that one of these HU homologues represents a novel type with a high number of prolines in its C-terminal extension, whereas the other one has motifs similar to the N terminus of the HU homologue from the radio-resistant bacterium Deinococcus radiodurans. The occurrence of two such HU homologue proteins with these two different terminal extensions in one organism appears to be unique among the Bacteria.
INTRODUCTION
Architectural chromosomal proteins are best known for their role in the compaction of DNA in a cell. The compaction of the nucleoid is an important cellular process in all living cells, and is achieved via a combination or the single mode of action of bending, wrapping and bridging DNA. The architectural proteins are apparently functionally conserved but share neither sequence nor structural similarity (Luijsterburg et al., 2008) . In eukaryotes, a massive reduction in volume of the genome is achieved predominantly via the action of having the DNA wrapped around histone complexes at specific regions called histone-fold domains (Luger et al., 1997) . In bacteria, several proteins work in tandem to condense the bacterial nucleoid (Azam & Ishihama, 1999; Luijsterburg et al., 2006; Dillon & Dorman, 2010) . Some of these proteins, such as the HU protein and histone-like nucleoid structuring protein (HN-S), have histone-like characteristics such as a similar amino acid composition and the ability to condense DNA into a densely packed nucleoid structure upon overexpression of the protein (Rouvière-Yaniv & Gros, 1975; Rouvière-Yaniv et al., 1979; Spurio et al., 1992) .
Members of the phylum Planctomycetes within the domain Bacteria have many uncommon features, both structural and molecular. All planctomycetes examined display a compartmentalized cell plan as well as a much more condensed nucleoid compared with most other bacteria, and in the case of Gemmata obscuriglobus, the nucleoid is further bounded within a double-membrane envelope (Fuerst & Webb, 1991; Lindsay et al., 2001; Fuerst, 2005) . A recent study of G. obscuriglobus has revealed resistance to UV radiation 40 times greater than that of Escherichia coli, and this increased tolerance is proposed to be associated with a highly effective DNA repair mechanism at least partly due to the condensed chromatin structure in this species (Lieber et al., 2009) . However, the identity and mechanism of the proteins responsible for the condensation of the nucleoid in G. obscuriglobus are still unclear. The relationships within the Planctomycetes, Verrucomicrobia, Chlamydiae (PVC) superphylum (Wagner & Horn, 2006) could be significant in the search for the nucleoid compaction protein in G. obscuriglobus, because chlamydiae encode a functional histone-like protein analogous to histone H1 of eukaryotes (Barry et al., 1992; Remacha et al., 1996) . (Cuff et al., 1998; Cole et al., 2008) . Similarity matrices were created using the PHYLIP package (Felsenstein, 1989) . Codon usage was tabulated using the Codon Usage Tool at the Gene Infinity website (http://www. geneinfinity.org/sms/sms_codonusage.html).
Phylogenetic analysis. A suitable substitution model based on the protein alignment was determined by the program ModelGenerator (Keane et al., 2006) . A likelihood tree was created using the TreeFinder program (Jobb et al., 2004) .
RESULTS

Homology search
A homology search was performed on the draft genome of G. obscuriglobus to search for homology matches using histones and histone-like proteins from eukaryotes, bacteria and archaea as query sequences, and the results are presented in Table 1 . Query sequences of the HU proteins from the thermophilic archaeon Thermoplasma acidophilum, the chloroplast of the red alga Cyanidioschyzon merolae from the eukaryotes, as well as one of two HU proteins from the spore-producing bacterium Streptomyces coelicolor, all yielded matches with significant E-values to an annotated 'probable DNA-binding protein HU' (ZP_02732218), herein termed GoC. When the G. obscuriglobus genome was queried with HU proteins from bacteria other than E. coli, there were also matches of lower significance (expected value of e-3 or above) for query HU proteins from Deinococcus species with the G. obscuriglobus hypothetical protein GobsU_35800 (ZP_02737229) (hevein termed GoN), and for the histonelike protein (Hlp) from Mycobacterium tuberculosis and an HU protein from S. coelicolor with a G. obscuriglobus protein annotated as a probable DNA-binding HU protein distinct from GobsU_35800. In addition to HU protein homologues, we also identified a homologue to the DNA starvation/ stationary phase protection protein (Dps). However, there were no significant homology search matches with any of the eukaryote or archaeal histones, or HN-S.
We noticed that the sequence lengths of the two HU proteins from G. obscuriglobus were much longer than that found in E. coli and were more similar to the length of the HU proteins from Deinococcus and Streptomyces. The sequences of GoN and GoC were amplified from genomic DNA of G. obscuriglobus using specific primers and confirmed by sequencing to determine that the length difference was not an artefact of genome sequencing.
Sequence analysis
Based on the alignment of HU proteins ( Fig. 1) , there are three different types, as recently reviewed (Grove, 2010) : the type occurring in Deinococcus, with an N-terminal extension; the type in actinobacteria, with a C-terminal extension; and lastly, the typical type found in E. coli, with just the core HU domain. The core HU region of both HU proteins from G. obscuriglobus is similar to that of E. coli HU in terms of amino acid composition, with 12 % lysine residues and few or no cysteine, tryptophan or tyrosine residues. The DNA-intercalating proline residue (position 63 in the E. coli HU protein) conserved across species is also present in both HU-like proteins, suggesting a functional DNA-binding region. Other residues of interest include those responsible for thermostability in Geobacillus stearothermophilus and Thermotoga maritima, such as the missing Gly-15, a change of Val-42 to a similarly hydrophobic Phe, and a conserved Glu-34 (Christodoulou & Vorgias, 2002) .
We found that G. obscuriglobus possesses two different types of HU-like proteins, GoN, which has a 29 aa Nterminal extension rich in lysine and alanine preceding the core HU domain, and GoC, which has a 69 aa C-terminal extension after the core HU domain.
A more detailed examination of the sequences of the two Gemmata HU-like proteins revealed a (S/P/K)AAK motif repeat in the lysine-and alanine-rich region of the N terminus of GoN, which was highly similar to the extensions found in DrHU and Hlp. The sequence of the 70 aa C terminal of GoC does not bear any motif structure homologous to that of any of the HU proteins, but was observed to contain the slightly higher number of nine proline residues when compared with the seven present in the 130 aa C terminal of HupS. The lack of similarities to the N-terminal versions, the core-only versions, and the lysineand alanine-rich C-terminal versions in Streptomyces means that GoC represents a novel type of HU protein.
HU-like proteins in other members of the phylum Planctomycetes and the PVC superphylum
The fully sequenced planctomycete Rhodopirellula baltica was also found to possess two types of HU protein, which indicated that such a feature might be conserved within the phylum Planctomycetes. Therefore, sequences of HU proteins from members of the Planctomycetes and the related phylum Verrucomicrobia were retrieved from the NCBI database and used in the alignment with the two HU proteins from G. obscuriglobus, and the results are presented in Fig. 2 . Based on the alignment, all members of the Planctomycetes have two types of HU-like protein, with either an N-terminal extension or a C-terminal extension of varying length. Similarly, two representatives of the closely related phylum Verrucomicrobia, Verrucomicrobium spinosum and the acidophilic Methylacidiphilum infernorum, also appear to have two types of HU protein, although with a shorter N-terminal extension. It is interesting that none of the other planctomycetes has the discernible motif repeat (S/P/K)AAK mentioned above within the sequence of the N-terminal extensions, with the exception of Gemmata sp. strain Wa1-1, suggesting a possible characteristic specific to the Gemmata group.
As observed above for the C-terminal region of GoC, the C-terminal extensions of all planctomycetes also appear to be rich in proline (up to 12 in Planctomyces maris), whereas V. spinosum does not contain such a high number of HU proteins in Gemmata obscuriglobus prolines and has a much shorter C-terminal region. Therefore, it would appear that all budding peptidoglycan-less species of the Planctomycetes have such a prolinerich C-terminal region in this version of the HU protein, unlike V. spinosum, related to the Planctomycetes within the PVC superphylum but possessing peptidoglycan cell walls and an FtsZ-based cell division mechanism. This suggests the possible correlation of such proline-rich regions with the unusual compartmentalization and cell division cycle of planctomycetes.
Phylogenetic analysis and lateral gene transfer (LGT)
A phylogenetic tree constructed from an alignment of the core regions only of HU proteins from members of B. Yee, E. Sagulenko and J. A. Fuerst different phyla is presented in Fig. 3 . It is clear that the overall topology of an HU protein tree does not conform to typical 16S gene trees, likely due to the above-mentioned fact that architectural proteins such as HU and histones have limited sequence conservation, and are often conserved at the functional level only (Luijsterburg et al., 2008) . Planctomycete HU sequences of the same terminus type cluster together with significant bootstrap support but otherwise do not display any homology between different terminus types, as shown by the clear separation of the two clades containing the planctomycete HU protein sequences.
Interestingly, the HU proteins from the proteobacterial species Xylella fastidiosa, Xanthomonas campestris, Methylosinus trichosporium and Teredinibacter turnerae form a clade together with the N-terminal HU proteins of the Planctomycetes with significant bootstrap support. These proteobacterial HU proteins have a weak signal for the (S/P/K) AAK motif in their N-terminal region and form a cluster Fig. 3 . Phylogenetics of HU proteins from representatives of different phyla. Planctomycetes HU proteins with an N-terminus domain are coloured blue, whereas those with a C-terminus domain are coloured red.
HU proteins in Gemmata obscuriglobus
separate from the other proteobacterial HU proteins such as those of E. coli and Pseudomonas aeruginosa. Of great interest is the sequence from the endosymbiotic marine proteobacterium Teredinibacter turnerae (Distel et al., 2002; Yang et al., 2009) , which contains an N-terminal domain which is lysineand alanine-rich and consists of PAKK repeats, a feature very similar to that of GoN. The C-terminal types of Planctomycetes form a significant cluster away from GoN, superficially forming a clade with other bacteria from unique environments, such as the deep-branching T. maritima and Aquifex aeolicus, and also the green sulphur bacteria group. More importantly, they form a distinct clade away from the C terminus-containing actinobacterial histone-like proteins of streptomycetes and mycobacteria, supporting the earlier suggestion that the C-terminus types of planctomycetes are a novel variety of HU protein.
The presence of two distinct HU-like proteins within an organism raises questions about the origin of these genes. Our study has shown that such a feature is preserved within the phylum Planctomycetes, although the distinct separation between the two types of HU protein hints at the possibility of LGT. The GC content and codon usage of GoN and GoC were compared with those of five housekeeping genes (RpoB, GyrA, RnpB, DnaK and EF-TU) as well as with values for the overall genome of G. obscuriglobus obtained from Santarella-Mellwig et al. (2010) . Examination of the codon usage of GoN and GoC does not reveal any obvious difference in codon preferences compared with other G. obscuriglobus genes. When comparing GC content, the only notable difference was that of GoC (58 %), which exhibited a 9 % difference when compared with the genome (67 %) and most of the housekeeping genes. There are three copies of EF-TU in the genome of G. obscuriglobus, one of which has a GC content similar to that of GoC (59 %), so there is a possibility that GoC and this copy of EF-TU are remnants of a gene transfer event; however, more extensive tests would be required to make a better judgment on the validity of this putative gene transfer.
DISCUSSION
Cells of all planctomycete species have a nucleoid with a condensed structure, and in the member species G. obscuriglobus, the compaction of the nucleoid has been correlated with an inherent resistance to high levels of radiation. Therefore, it is of interest to identify the proteins responsible for the highly compacted nucleoid. A homology search of the genome of G. obscuriglobus with histone-like proteins as queries revealed two different HU proteins of different types. The HU protein belongs to a class of DNAbending proteins associated with the folding of the bacterial nucleoid (White et al., 1989; Swinger & Rice, 2004) . Known to exist in a monodimeric form, this protein in most bacteria is usually encoded by a single gene, whereas in others, such as the enterobacteria, it exists in a heterodimeric form encoded by two different genes (HU-b and HU-a) (Rouvière-Yaniv & Kjeldgaard, 1979) with different preferential binding affinities, and thus interacts differently with DNA, with effects on DNA replication and thermostability (Shindo et al., 1992; Tanaka et al., 1993; Bahloul et al., 2001) .
Sequence analysis of the two HU proteins from G. obscuriglobus showed that the proteins contain few or no cysteine, tryptophan or tyrosine residues, which is important, since HU proteins and other nucleoid-associated proteins are known to be homologous in terms more of structure and the underlying properties of the amino acid residues rather than sequence (Laine et al., 1980; Grove & Lim, 2001; Luijsterburg et al., 2006) . Other than the above-mentioned general characteristics of HU proteins, both G. obscuriglobus proteins are unlike the heterodimeric form found in enteric bacteria. One of the proteins, GoN, contains an N-terminal extension rich in lysine and alanine, a feature similar to the HU protein from Deinococcus radiodurans (Ghosh & Grove, 2006) , whereas the other HU, GoC, has a C-terminal extension after the core HU domain, which is a prominent feature of a specific group of HU proteins from the Actinobacteria (Prabhakar et al., 1998; Mukherjee et al., 2009; Salerno et al., 2009; Kumar et al., 2010) .
The C terminal of eukaryote histone H1 can have up to 42 % lysine residues in addition to other basic and hydrophilic amino acids (except for proline), which accounts for its intrinsically disordered conformation (Maeder & Bohm, 1991; Hansen et al., 2006) . Where they occur among bacterial HU proteins, extensions at either the N or the C terminal are of exceptional interest, as these extensions are similar in amino acid composition to that of the C terminal of eukaryotic histone H1, even though in some cases a homology search at the primary sequence level does not reveal significant matches with histones. Not only is the amino acid composition of the extensions in the HU protein from Deinococcus (DrHU), the mycobacterial histone-like protein (Hlp), the spore maturation-associated HupS of S. coelicolor, and both HU-like proteins from G. obscuriglobus rich in basic amino acids, but also some of these extensions contain regions similar to the (S/T)PKK repeats of eukaryotic histone H1, involved in DNA compaction (Bharath et al., 2002) .
The architectural role of the HU protein in vivo is still unclear, with in vitro studies suggesting that HU proteins might actually counteract condensation, have dual functions dependent on concentration (Dame & Goosen, 2002; van Noort et al., 2004) , or that they facilitate DNA condensation (Sarkar et al., 2007) . The effect of terminal extensions on the condensation of DNA is even more unclear, considering the rarity of such extensions among bacterial HU proteins. Functions associated with extensions in HU proteins include a developmental role similar to that of actinobacterial HupS (Salerno et al., 2009) , and protection of the DNA from strand breakages from either radiation (Ghosh & Grove, 2006; Whiteford et al., 2011) or enzymes (Kumar et al., 2010) , as in actinobacterial Hlp and deinococcal DrHU. More importantly, suggestions of an architectural role for HU proteins with extensions have come from studies of the D. radiodurans HU protein with B. Yee, E. Sagulenko and J. A. Fuerst an N-terminal extension, which is proposed to stabilize four-way junctions and thus promote condensed toroidal DNA (Englander et al., 2004; Ghosh & Grove, 2004 , 2006 . In addition, deletion studies on the C-terminal region of mycobacterial Hlp hint at the protein having a passive architectural role as well. Thus, the extensions of HU proteins at either the N or the C terminal appear not only to confer protection upon the DNA to which they bind but also to act to compact DNA to some degree. However, the functionality of the two Gemmata HU proteins will have to be determined in future studies.
LGT The phylogenetic tree of HU proteins including the Cterminal and N-terminal types suggests that in the case of the N-terminal type, there may have been gene transfer from planctomycetes or their ancestors to an ancestor of some members of the phylum Proteobacteria, as the N-terminal types of HU protein of several proteobacteria cluster at a shallow level within the clade formed by the N-terminal HU protein of planctomycetes. Since planctomycete sequences form the deepest branches of this clade, the LGT is likely to have been from a planctomycete to a proteobacterium. The similarity of N-terminal HU proteins of planctomycetes to those of at least one of the proteobacterial sequences at a sequence feature level, e.g. the PAKK repeats in the lysineand alanine-rich N-terminal domain in Teredinibacter turnerae, is consistent with the occurrence of planctomycete and proteobacteria sequences in the same clade and the transfer of an ancestral sequence with these shared features.
LGT could conceivably be an explanation for the occurrence of two extension types of HU protein in G. obscuriglobus, Nterminal and C-terminal, e.g. the acquisition of a second type from a non-planctomycete. In the case of the C-terminal type, there is some indication of possible LGT based on the aberrant GC content of the GoC-type HU protein. There was no indication of such a disparity in GC content in the case of the N-terminal type of HU protein in G. obscuriglobus. However, an alternative explanation for the co-occurrence of two extension types in the same phylum is that there were two or more types of HU protein in a common ancestor of the Bacteria, and that there has been extensive loss of one or more types in most Bacteria. There may be good reasons for selective retention of one or more extension types in particular species, e.g. DNA repair or protection conferring radiation resistance, known to be a property of both G. obscuriglobus, in which both extension types occur, and D. radiodurans, in which the N-terminal extension type occurs.
Members of the phyla Deinococcus and Actinobacteria are the only other bacteria known to have HU protein types with extensions, with either N-or C-terminal extensions but not with both in the same organism. On the assumption that the extensions at the terminals of HU proteins such as those that we have observed are rare (Dillon & Dorman, 2010; Grove, 2010) , any LGT that occurred into G. obscuriglobus or an ancestor of planctomycetes would likely be a transfer from a donor organism with an already evolved two-domain HU protein with either extension type, such as those of Deinococcus or the Actinobacteria or their ancestors. On the other hand, if such two-domain HU proteins with extensions are widely distributed across the domain Bacteria, it is more than likely that the ancient form of HU was a two-domain protein and that the Planctomycetes belong to a conserved group that retains the ancient form, whereas most other bacteria have lost the extension domain. The deviant GC content of GoC implies that it is the result of a transfer, but the strong bootstrap support for the clustering together of the C-terminal HU proteins of planctomycetes in the HU protein tree suggests that G. obscuriglobus as well other planctomycete genera could have retained an ancient version of this HU from an ancestral planctomycete.
Nevertheless, we are aware that even if an LGT event had occurred, the transfer could have been a very ancient event, and that since the gene reflects the host genome, the signal may have drifted towards neutrality and be undetectable via GC content (Lawrence & Ochman, 1997) . Alternatively, a gene could have been originally transferred in a 'ready-touse' form, and therefore displayed compatible and thus similar codon usage (Medrano-Soto et al., 2004) .
Possible role in DNA repair?
The GoN protein of G. obscuriglobus and the HU protein of Deinococcus display a similar N terminus with respect to properties and motifs. Although there is still a lack of in vivo evidence linking the HU protein of D. radiodurans to radiation resistance, the unique preferential binding of the N terminus to four-way DNA junctions coupled to an effective DNA repair system during recombination events in D. radiodurans are highly suggestive of the role of the Nterminus HU protein in radiation survival (Ghosh & Grove, 2006; Blasius et al., 2008) . Chromatin organization and radiation survival in G. obscuriglobus have been linked to an effective DNA repair mechanism (Lieber et al., 2009) . Analogous to the example in D. radiodurans, the GoN HU protein of G. obscuriglobus could be an important accessory protein that stabilizes DNA at the four-way junction via Nterminus binding and thus contributes to the radiation survival of G. obscuriglobus via promotion of homologous recombination. Furthermore, there are other examples which might support this hypothesis. For example, Coxiella burnetti, an intracellular parasitic proteobacterium, has an SOS system with a highly effective DNA repair mechanism, even using a reduced set of DNA repair genes (Mertens et al., 2005) , and coincidentally has a 31 aa-long N terminus rich in hydrophobic residues in its HU protein. Similarly, in the HU protein of a Xanthomonas species, our analysis indicates that an N-terminus region of 41 aa comprising more than 60 % of the lysine and alanine residues might have some relationship to an SOS system highly responsive to DNAdamaging agents. Also in Xanthomonas, it has been reported that deletion of a nucleotide excision repair gene renders cells four orders of magnitude more susceptible to UV radiation (Yang et al., 2001; Shen et al., 2007) . GoN might thus play a role in radiation survival, and determining this would first require robust in vitro experimentation to investigate its DNA-binding properties as well as to determine the radiation sensitivity of gene knockouts (dependent on a yet-to-bedeveloped genetic system for G. obscuriglobus) and experiments to establish its in vivo association with the G. obscuriglobus nucleoid.
Conclusion
G. obscuriglobus has an intriguing compartmentalized cell structure possessing a condensed nucleoid with a doublemembrane envelope. The ability to recover from an otherwise lethal dose of radiation has been attributed to an efficient DNA repair system operating on a tightly packed nucleoid. In this study, we have attempted to identify possible DNA-compacting proteins of G. obscuriglobus and have found two bacterial HU-like proteins with extensions at different termini of the protein, one of which represents a novel type of HU protein with a concentration of prolines in the C-terminus region. The distribution of the proteins suggests that members of the phylum Planctomycetes and perhaps some related PVC superphylum members in the phylum Verrucomicrobia are unique in the domain Bacteria in possessing versions of these histone-like HU proteins with both N-and C-terminal extensions. Based on deviant GC content there is a possibility that one of these HU proteins is the product of an LGT event. Nevertheless, it would be interesting to find out whether G. obscuriglobus has managed to integrate the function of this protein into its cellular processes. Hence, future research will have to focus on determining the DNA-binding properties of these two proteins with respect to their association with the nucleoid, as well as secondary functions such as involvement in radiation survival and cell development.
